Muscle contraction relies on a highly organized intracellular network of membrane organelles and cytoskeleton proteins. Among the latter are the intermediate filaments (IFs), a large family of proteins mutated in more than 30 human diseases. For example, mutations in the DES gene, which encodes the IF desmin, lead to desmin-related myopathy and cardiomyopathy. Here, we demonstrate that myotubularin (MTM1), which is mutated in individuals with X-linked centronuclear myopathy (XLCNM; also known as myotubular myopathy), is a desmin-binding protein and provide evidence for direct regulation of desmin by MTM1 in vitro and in vivo. XLCNM-causing mutations in MTM1 disrupted the MTM1-desmin complex, resulting in abnormal IF assembly and architecture in muscle cells and both mouse and human skeletal muscles. Adeno-associated virus-mediated ectopic expression of WT MTM1 in Mtm1-KO muscle reestablished normal desmin expression and localization. In addition, decreased MTM1 expression and XLCNM-causing mutations induced abnormal mitochondrial positioning, shape, dynamics, and function. We therefore conclude that MTM1 is a major regulator of both the desmin cytoskeleton and mitochondria homeostasis, specifically in skeletal muscle. Defects in IF stabilization and mitochondrial dynamics appear as common physiopathological features of centronuclear myopathies and desmin-related myopathies.
Introduction
The spatial organization of cells is determined in part by the interaction of organelles with the 3 cytoskeletal systems: intermediate filaments (IFs), microfilaments (MFs), and microtubules (MTs) (1, 2) . These systems regulate positioning and movement of organelles in a dynamic manner. Failure of these processes is followed by disruption of polarity and abnormal cellular organization and can be linked to the development and progression of numerous human genetic diseases and cancer (3) (4) (5) . IFs are cytoskeletal polymers encoded by a large family of differentially expressed genes that provide crucial structural support in the cytoplasm and nucleus of higher eukaryotes. Perturbation of their function accounts for several genetically determined diseases in which cells or organelles are rendered fragile and thus cannot sustain mechanical and nonmechanical stress (6) .
During the last decade, studies have shed light on how this structural support is modulated to meet the changing needs of cells and revealed a novel role whereby IFs influence cell growth and death through dynamic interactions with organelles and nonstructural proteins (4) . However, few IF-binding proteins have been characterized, and regulation of IF dynamics is poorly understood.
Moreover, little is known about the functional significance and tissue specificity of these interactions, owing in part to a lack of useful chemical inhibitors of IFs and their unusual properties and complexity. Skeletal muscle and muscle cells provide a challenging environment in which to decipher the function of IFs and their ability to modulate cellular processes, given their expression redundancy in this tissue and the specific intracellular organization and mechanical constraints of muscle. Desmin represents the major cytoplasmic IF in skeletal muscle. Mutations in desmin (OMIM 601419) or its chaperone protein, αB-crystallin (OMIM 608810), are associated with cardiomyopathy and myopathy, both belonging to the desmin-related myopathy (DRM) and the desmin-related cardiomyopathy (DRCM) subgroups of IF diseases (7) . Loss of desmin function (as a result of mutations reported in DRM and DRCM patients) and desmin KO in mice result in decreased number and mislocalization of mitochondria in cardiac and skeletal myocytes (8, 9) . A recent study pointed to the cytolinker plectin as the anchor for desmin at the mitochondrial surface (10); however, the functional significance of this scaffold in mitochondrial homeostasis in muscle is not well understood.
Here we report a plectin-independent mechanism in which desmin IFs regulate mitochondrial dynamics and morphology via direct interaction with the phosphoinositide (PI) phosphatase myotubularin (MTM1), which is mutated in the X-linked form of centronuclear myopathy (XLCNM; OMIM 310400), a severe congenital myopathy characterized by generalized hypotonia and muscle weakness and absence of cardiac involvement (11) (12) (13) . MTM1 bound desmin and regulated filament assembly and architecture independently of its enzymatic activity, suggestive of a crucial role for MTM1 in the regulation and/or maintenance of the desmin IF network in skeletal muscle. KO or knockdown (KD) of MTM1 expression and disruption of the MTM1-desmin complex promoted desmin aggregation and led to abnormal mitochondrial positioning, morphology, and dynamics. Furthermore, we found that several XLCNM mutations disrupted the mitochondrial network independently from desmin filaments, which also suggested
Figure 1
MTM1 interacts with desmin in vitro and in muscle. (A) GST-MTM1-full-length (MTM1-FL), GST-MTM1-GRAM PH domain (GRAM), or GST recombinant proteins were incubated with mouse myotube or muscle homogenates. Endogenous desmin interacted with MTM1-FL, but not GST or GRAM. CB, Coomassie blue staining of purified recombinant GST fusions. (B) Far-Western blot using recombinant desmin protein overlaid with GST-MTM1-FL and revealed with anti-GST (left) or anti-desmin (right) antibodies. (C) Top: co-IP assays with lysates from COS-1 cells (cotransfected with MTM1 and desmin constructs), myotubes, and skeletal muscle using anti-MTM1-specific antibody or a frataxin antibody as a control (CTR). Antibodies used for IB are indicated. Bottom: co-IP of MTM1 with desmin in skeletal (Sk) muscle using the anti-desmin antibody. (D) Localization of MTM1 and desmin in WT and Mtm1-KO mouse skeletal muscles. Longitudinal and transversal sections showed colocalization of MTM1 and desmin at the z-disc structure and at the sarcolemma. Desmin localization was abnormal in Mtm1-KO muscle. Scale bar: 20 μm. (E) Desmin did not precipitate with MTM1 in extracts from cardiac muscle. Longitudinal sections of cardiac muscle were stained for MTM1 and desmin. Scale bars: 10 μm. a direct implication of MTM1 in mitochondrial dynamics in muscle. We propose, for the first time to our knowledge, a common pathophysiological mechanism between centronuclear and myofibrillar myopathies and underline the importance of MTM1 and the MTM1-desmin complex in the regulation of mitochondrial homeostasis in skeletal muscle.
Results

MTM1 binds desmin IFs in muscle.
To decipher the muscle-specific role of MTM1 and the physiopathological mechanisms of XLCNM, we performed a yeast 2-hybrid (Y2H) screen using the MTM1 sequence as bait against a human fetal and adult skeletal muscle library and isolated 4 different clones encoding portions of the desmin (DES) gene transcript. Glutathione S-transferase (GST) pulldown experiments showed that endogenous desmin in mouse C2C12 myotubes and muscle bound specifically to the GST-MTM1 fusion protein ( Figure 1A) . Results of far-Western blot experiments supported a direct interaction for MTM1 and desmin ( Figure 1B) . Moreover, using co-IP assays with COS-1, myotube, and skeletal muscle extracts, we confirmed that MTM1 interacted with desmin ( Figure 1C ). Colocalization experiments in mouse and human skeletal muscles suggested that the molecular association between MTM1 and desmin occurs at the sarcolemma and at the z-disc ( Figure 1D and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI44021DS1), where desmin filaments establish a network to maintain a spatial relationship between the contractile apparatus and organelles and/ or plasma membrane. Interestingly, this complex was not detected in cardiac muscle, although both proteins were present ( Figure 1E and Supplemental Figure 2A ). This is consistent with the lack of evidence for cardiac involvement in Mtm1-KO mice and XLCNM patients. Desmin and αB-crystallin expression levels were normal in Mtm1-KO cardiac muscle, and desmin was equally distributed between soluble and insoluble fractions (Supplemental Figure  2B) . Moreover, H&E staining of cardiac muscle sections showed no myocardial fibrosis (myocyte injury and necrosis) in Mtm1-KO mice (Supplemental Figure 2C) . In support of this, lactate dehydrogenase (LDH) and creatine kinase (CK) levels were unchanged between WT and Mtm1-KO cardiac muscle extracts (Supplemental Figure 2D ). Possible cardiac involvement could not be investigated in neonatal cases of XLCNM, as these patients die young. However, several genetically confirmed XLCNM patients who reached adulthood have been previously reported, and none showed signs of cardiomyopathy (Supplemental Table 1 ).
To define the MTM1-desmin binding domains, we generated MTM1 domains and deletion constructs and also performed alanine scanning. GST pulldown and co-IP assays suggested that the MTM1 region essential for the interaction with desmin is located between residues 160 and 300 ( Figure 2A and Supplemental Figure 3, A and B) . A structural model was predicted for MTM1 by homology modeling, using the atomic structure of the myotubularin-related protein 2 (MTMR2) as a reference (14) , and showed that this region contained 4 exposed loops ( Figure 2 , B and C). We mutated into alanine 5 solvent accessible residues that were located in these loops and potentially implicated in protein-protein interaction: H181, Y206, S209, K255, and K269. When tested by co-IP, these mutations severely or completely disrupted the interaction with desmin ( Figure 2B and Supplemental Figure 3C ). Overlay assays using synthetic peptides encoding the 4 loops (i.e., MTM1-173-187, MTM1-201-215, MTM1-248-262, and MTM1-264-277)
showed that all these loops interacted with desmin (Supplemental Figure 3D) . Moreover, interaction between GST-MTM1 and desmin was lost when desmin was preincubated with several competing peptides encompassing the point mutations described above: MTM1-173-(H181A)-187, MTM1-201-(Y206A)-(S209A)-215, or MTM1-248-(K255A)-262. In contrast, the interaction was present, albeit weak, when desmin was mixed with the MTM1-264-(K269A)-277 peptides (Supplemental Figure 3E) , which suggests that all 4 loops are required for desmin binding, although the MTM1-264-277 loop appears the most important for the interaction.
The C-terminal part of the 2B rod domain and the N-terminal part of the tail domain (aa 342-456) of desmin were fished out with MTM1 as a bait in Y2H ( Figure 2D ), which suggests that this region is necessary for MTM1 binding. Using a peptide-mapping strategy, we showed that the aa 352-397 region of desmin bound MTM1 with variable affinity ( Figure 2D and Supplemental Figure 3F ) and that residues 352-377 displayed the strongest binding to MTM1. Together, these data demonstrated that MTM1 and desmin form a complex through direct interaction in skeletal muscle.
Abnormal desmin filaments in MTM1-deficient cells and muscle. The protein and mRNA expression levels of MTM1 and desmin concomitantly increased during differentiation of myoblasts into myotubes (Supplemental Figure 4A ). To address whether MTM1 depletion affects desmin IF dynamics, we monitored desmin expression and localization in myotubes from XLCNM patients, stable Mtm1-KD C2C12 cells, and primary Mtm1-KO myoblasts. We first validated Mtm1-KD C2C12 muscle cells; 3 different clones displayed a strong decrease in MTM1 protein and mRNA levels and 2 clones were comparable to patient myoblasts (Supplemental Figure 4B ). Protein and mRNA levels of desmin were increased in patient myoblasts with 3 distinct MTM1 mutations, in Mtm1-KD C2C12 cells, in Mtm1-KO cells, and in Mtm1-KO muscle (Figure 3 , A and D, and Supplemental Figure 4C ). An approximately 200-kDa band was detected by the desmin antibody specifically in Mtm1-KO muscle, potentially representing tetramer detergentresistant (i.e., insoluble) desmin aggregates (Supplemental Figure  4C) . Moreover, desmin aggregates were observed in myotubes and muscle biopsies from 2 XLCNM patients and in isolated muscle fibers and muscles from 2-week-old (i.e., presymptomatic) Mtm1-KO mice ( Figure 3B and Supplemental Figure 4D ). In line with this, a shift in desmin equilibrium from the soluble to the insoluble fraction was observed in Mtm1-KD and -KO myoblasts ( Figure  3 , C and E), indicating a defect in the desmin assembly process.
We next tested the effect of mutations reported in XLCNM or DRM patients on the MTM1-desmin complex. We selected mutations located within the desmin-binding region (MTM1-R184G, MTM1-P205L, and MTM1-R241C) or outside this region (MTM1-R421Q). In addition, we created artificial mutations (MTM1-D278A, MTM1-D380A, and MTM1-C375S) that block the phosphatase activity of MTM1 (12, 13) . Our results showed that most patients' mutations abolished the interaction with desmin, whereas the R421Q and dead phosphatase mutants or other artificial mutation (S420D) were capable of binding ( Figure 3F ). We then tested mutations reported in DRM (DES-N342D, DES-A357P, DES-A360P, and DES-L370P). FarWestern blotting revealed that recombinant MTM1 could bind only WT and the A370P mutant desmin ( Figure 3G ). Our data suggest that the absence of MTM1 leads to desmin aggregation in muscle cells and tissues and that desmin filament defects play an important role in the physiopathology of XLCNM. Furthermore, the fact that desmin mutations reported in DRM disrupted binding to MTM1 suggests a common molecular mechanism between DRM and XLCNM in skeletal muscle. While desminopathies belong to a genetically heterogeneous group of myofibrillar myopathies with a common pathological pattern of aggregated myofibrillar proteins, we did not observe any abnormal localization of architectural proteins (i.e., α-actinin, titin, and dystrophin) in Mtm1-KO muscles (Supplemental Figure 5) . MTM1 affects IF assembly and architecture. To further investigate whether MTM1 directly affects desmin assembly, we assessed desmin filament formation in vitro by electron microscopy of negatively stained desmin mixed with recombinant MTM1 proteins in a time-dependent manner (from 10 seconds to 60 minutes). Addition of WT MTM1 led to the formation of abnormally shaped and branched desmin unit length filaments (ULFs) at 10 seconds and irregular filament caliber and ribbon-like filaments at later time points ( Figure 5, A and B) . In contrast, no effect was noted when the MTM1-S209A mutant, which does not bind desmin, or a control protein were used (data not shown). Addition of MTM1 significantly affected filament width at 5 minutes of assembly (desmin alone, 16.1 ± 2.3 nm; desmin plus MTM1, 13.4 ± 1.9 nm; P = 0.024; Figure 5B ). Moreover, MTM1 addition led to irregular filament length at the final steps of filament formation: 2 predominant peaks at 223 ± 25.2 nm and 132 ± 15.5 nm were observed, compared with a unique peak of 222 ± 20.5 nm for desmin alone ( Figure 5B ). To confirm this effect, we performed cosedimentation experiments by mixing the 2 proteins. Desmin alone polymerized and was entirely found in the pellet fraction, whereas increasing MTM1 concentrations caused a shift of desmin to the soluble (i.e., unpolymerized) fraction (Figure 5, C and D) . In parallel, a fraction of GST-MTM1 fusion protein was also shifted to the pellet fraction, which indicates that MTM1 directly binds desmin filaments. However, no change was observed in control assays (GST-MTM1-S209A or GST), in which desmin polymerized and was retrieved in the pellet fraction. The indication that MTM1 affects desmin assembly in a dose-dependent manner was confirmed by monitoring ULF formation in vitro in increasing amounts of MTM1 (Supplemental Figure 6A ). Previous data have shown that desmin Ser/Thr phosphorylation can affect its assembly and lead to the collapse and aggregation of filaments. We addressed whether depletion of MTM1 could affect desmin phosphorylation in muscle cells using phospho-Ser/Thr column chromatography enrichment. Our data showed that MTM1 depletion directly affected filament assembly without modifying the phosphorylation level of desmin (Supplemental Figure 6B) , as illustrated schematically in Figure 5E . We next tested the ability of WT MTM1 and mutant constructs to restore the desmin filament network in Mtm1-KD and -KO myoblasts. Artificial or patient MTM1 mutations within the desmin-interacting domain could not restore normal desmin network; however, WT MTM1 as well as MTM1 containing mutations situated away from this domain reestablished normal desmin filaments (Supplemental Figure 7 , A and B, and Supplemental Figure 8A ). Moreover, overexpression of MTM1 mutants that do not bind desmin in C2C12 cells (e.g., MTM1-Y206A) strongly disrupted the desmin network (Supplemental Figure 8 , B-D), potentially through a dominant-negative effect. In that case, desmin formed aggregates, particularly in the perinuclear region, reminiscent of the Mtm1-KD and -KO phenotypes (Supplemental Figure 7B and Supplemental Figure  8B ). We concluded that the loss of the MTM1-desmin interaction caused by downregulation or mutation of MTM1 disrupts desmin filaments and promotes their aggregation.
MTM1 PI phosphatase activity is not affected by desmin. It has been established that MTM1 specifically dephosphorylates the D-3 position of phosphatidylinositol 3-phosphate and phosphatidylinositol 3,5-bisphosphate [PtdIns3P and PtdIns(3,5)P 2 , respectively], generating PtdIns and PtdIns5P, respectively (12, 13, 16, 17) . We addressed a potential effect of desmin on MTM1 PI phosphatase activity. We first observed that the MTM1 mutations affecting desmin binding (MTM1-H181A, MTM1-Y206A, MTM1-S209A, and MTM1-K269A) dephosphorylated PtdIns(3,5)P 2 similarly to the WT protein both in vitro and in vivo (Supplemental Figure 9 , A-C). No significant difference in MTM1 phosphatase activity was detected when MTM1 was combined with soluble recombinant desmin or with peptides encoding MTM1-binding sequences of desmin (DES-352-367, DES-357-372, and DES-362-377; Figure 6A) . Similarly, the phosphatase activity of MTM1 immunoprecipitated from transfected cells, alone or in combination with desmin, was not significantly modified ( Figure 6B ). Previous studies have suggested substantial accumulation of MTM1 substrates (PtdIns3P) in mtm1-KD zebrafish muscle (18) . Mtm1-KO and -KD myoblasts displayed marked increases in PtdIns(3,5)P 2 staining compared with control cells (Figure 6C ). In addition, we showed that WT MTM1 and MTM1 harboring artificial mutations interfering with desmin binding decreased the endogenous pool of PtdIns(3,5)P 2 , consistent with in vitro and ex vivo experiments, whereas XLCNM mutations and the inactive C375S mutant had no effect on PtdIns(3,5)P 2 level ( Figure 6D ). In a complementary approach, no direct interaction between desmin and PIs or other classes of lipids was observed by fat blot analysis (Supplemental Figure 9D ), which suggests that desmin is neither regulated by PIs nor implicated in the regulation of MTM1 PI phosphatase activity. We propose that MTM1 could have 2 independent functions in muscle: as an IF binding/regulating protein, and as a regulator of PI levels in subcellular compartments.
Mitochondrial morphology impairment in MTM1-deficient cells. A connection between IFs and mitochondria was suggested more than 25 years ago. Furthermore, ablation of desmin in mouse or desmin mutations in patients resulted in characteristic alterations in distribution, number, morphology, and respiratory activity of mitochondria (8, 9) . Abnormal mitochondrial localization was suspected in XLCNM patients and Mtm1-KO muscles (15), but these observations were not characterized further. To address the physiological relevance of the MTM1-desmin partnership, we concentrated on mitochondrial dynamics. In transiently transfected C2C12 muscle, MTM1 mutations that did or did not induce desmin aggregation promoted mitochondrial collapse to the perinuclear region ( Figure 7, A and B) . Mitochondrial disorganization was also observed in Mtm1-KD and -KO cells ( Figure 7C ), which suggests that depletion or alteration of MTM1 function interferes with normal distribution of mitochondria in muscle cells. In addition, all tested mutations (artificial or reported in XLCNM patients) failed to reestablish the normal mitochondrial network when expressed in Mtm1-KD cells ( Figure 7D ) or in Mtm1-KO primary muscle cells (Supplemental Figure 10, A and B) . We reported an accumulation of PtdIns(3,5)P 2 in MTM1-deficient cells ( Figure 6C ) and observed partial colocalization between PtdIns(3,5)P 2 and mitochondria in these cells (in the perinuclear region), which suggests that excess and/or mislocalized PtdIns(3,5)P 2 can affect the mitochondrial network in muscle cells (Supplemental Figure 10C) . However, these mutations did not affect MTs and MFs (Supplemental Figure 11) . Desmin and mitochondrial collapse were also observed in XLCNM patient cells (MTM1F238fs), Mtm1-KD myotubes, and Mtm1-KO muscle (Supplemental Figure 12, A-D) . Using electron microscopy, we found that the mitochondrial ultrastructure was compromised in Mtm1-KD cells ( Figure 7E ). Mitochondria appeared enlarged with an expanded matrix space, fewer cristae, and less electron-dense staining. Together, these results suggest a role for MTM1 in maintaining the mitochondrial shape and network in muscle cells.
Altered mitochondrial dynamics and function in MTM1-deficient cells. As desmin could be associated with mitochondria, we investigated whether the MTM1-desmin complex can be seen in the mitochondrial fraction. We found MTM1 enriched in this fraction and observed a significant accumulation of desmin in the mitochondrial fraction of Mtm1-KO compared with WT muscle (Figure 8,  A and B) . Because recent studies implicate IFs in mitochondrial In phase 1 of desmin assembly, 8 tetrameric subunits, made from 2 antiparallel, half-staggered coiled-coil dimers, associate laterally to form ULFs after initiation of assembly. In phase 2, ULFs and short filaments longitudinally anneal to other ULFs. In phase 3, filaments evolve to radial compacted structures. MTM1 addition (yellow) interferes with filament assembly in vitro, leading to a branchedlike phenotype at the squiggles step and a ribbon-like structure.
transport (19), we asked whether MTM1 depletion in muscle cells could affect mitochondrial motility and velocity in addition to their localization and morphology. Overall mitochondrial motility was similar between Mtm1-KD and control muscle cells, as assessed by randomly counting motile mitochondria throughout the cells (Figure 8 , C-E, and Supplemental Movies 1 and 2). However, closer analysis revealed that although perinuclear mitochondria were less motile, the motility of mitochondria in the cell periphery increased in Mtm1-KD compared with control cells ( Figure 8C ). To further confirm these results, we tracked individual mitochondria and measured their velocity. Again, we observed a significant decrease in the average velocity of perinuclear mitochondria in Mtm1-KD compared with control cells (Mtm1-KD, 0.12 ± 0.03 μm/s; control, 0.22 ± 0.02 μm/s; P = 0.024, Student's t test), whereas the average velocity of mitochondria at the cell periphery was higher compared with control cells (Mtm1-KD, 0.31 ± 0.04 μm/s; control, 0.23 ± 0.03 μm/s; P = 0.027, Student's t test; Figure 8 , D and E). Recently, Winter et al. proposed that the link between mitochondria and desmin occurs via the IF-based cytolinker plectin isoform 1b (Plectin1b) and that this interaction affects the shape and function of mitochondria (10) . We tested whether MTM1 depletion in muscle affects this partnership. The amount of co-IP of desmin with the cytolinker plectin did not change in the mitochondrial or microsomes fractions isolated from Mtm1-KO muscle ( Figure 8F ), which suggests that the plectin-desmin interaction is not affected in Mtm1-KO muscle. As mitochondria fission/fusion homeostasis may affect mitochondrial ultrastructure, we recorded mitochondrial fission/fusion events in Mtm1-KD cells by confocal time-lapse microscopy and did not find any differences compared with control cells (Supplemental Figure 13A) . We next investigated mitochondrial function in Mtm1-KD cells and in primary muscle cells from 4 XLCNM patients. A significant decrease in cytochrome c oxidase activity was observed in both cell types and in Mtm1-KO muscle ( Figure 9A and data not shown). We also observed a decrease in the ATP content of Mtm1-KO muscle ( Figure 9B ), which suggests that alteration of mitochondrial function in cells lacking MTM1 may promote hypotonia in XLCNM muscle. As calcium homeostasis defects have been recently reported in Mtm1-KO muscle (20) , we investigated whether this defect is linked to mitochondrial dysfunction by monitoring the mitochondrial permeability transition (MPT) from Mtm1-KO muscle. No significant difference between Mtm1-KO and WT mitochondria was observed in terms of membrane susceptibility to Ca 2+ ( Figure 9, C and D) . No differences in mitochondrial membrane potential were observed when the JC-1 stain was used (Supplemental Figure 13B) . Disruption of mitochondrial dynamics may be linked to apoptotic events (21); however, TUNEL experiments revealed no significant alteration in level of apoptosis in Mtm1-KD muscle cells compared with control cells ( Figure 9E ). Moreover, Mtm1-KD and control cells have a similar number of nuclei with condensed/fragmented DNA following staurosporine treatment (Supplemental Figure 13C) .
Discussion
We have identified MTM1 as an IF-binding protein and present evidence herein for MTM1-based regulation of desmin IF and mitochondrial dynamics in muscle cells. MTM1 bound directly to desmin and affected filament assembly in vitro and architecture in vivo. Molecular dissection of the interaction defined the Rac1-induced recruitment domain of MTM1 (22) and the 2B rod domain of desmin as the molecular interface. Several mutations leading to XLCNM and DRM, respectively, are located to these domains (23) (24) (25) , highlighting the importance of this complex in skeletal muscle. Analysis of the 2B rod domain of desmin has attracted much attention, since a number of desmin mutations occur in this region, and it has previously been implicated in filament assembly (26) . As excess MTM1 led to abnormal shape and branching of desmin filaments in vitro, it is possible that MTM1 binding to desmin affects the structure of newly formed filaments. These abnormal filaments are similar to those formed in the presence of a mutated (R120G) αB-crystallin (27) . This gainof-function R120G mutation in αB-crystallin also leads to desmin aggregation and to a DRCM (28) . Previous studies indicate that the YRKLLEGEE motif of desmin (DES-403-410) is crucial for the formation of authentic tetrameric complexes and for the control of filament width, rather than elongation, during assembly (29) . MTM1 binding to the DES-352-377 region (adjacent to the YRKLLEGEE motif) may regulate the formation and/or turnover of desmin filaments in muscle cells. Moreover, Colakoglu and Brown proposed a mechanism, termed intercalary subunit exchange, for vimentin and neurofilaments in cells (30) . They showed that IF subunits incorporate along the length of filaments without compromising interaction among other subunits, leading to a unique turnover and alteration of IF polymer composition. The implication of IF-binding proteins, such as MTM1 or αB-crystallin, in this process remains to be evaluated.
IFs have a well-established role as major mechanical integrators of cells and tissues. This function is mainly attributed to their unique viscoelastic properties that render them more resistant to deformation under mechanical stress (31) . In addition to their unusual viscoelasticity, IFs also exhibit highly dynamic properties in vivo. The concept that the binding of proteins influences MF and/or MT dynamics by exploiting the intrinsic structural plasticity of the filaments currently extends to IFs, as more IF-binding proteins are being discovered. IFs also appear to be involved in the distribution of membrane-bound organelles (32) . Although the transport of membranous organelles is mainly mediated by molecular motors and their respective cytoskeletal tracks, their proper positioning in the cytoplasm frequently appears to involve interactions with IFs. IFs have been recently implicated in organelle transport and particularly in mitochondrial trafficking (33) . They are believed to be involved in anchoring mitochondria at sites of high energy demand or in the vicinity of other organelles to allow for effective signaling. Indeed, loss of desmin (8) (overexpression of MTM1 mutants with a dominant-negative effect), both mitochondria and IFs accumulated at the perinuclear region. Mitochondrial collapse was observed even in the case of XLCNM mutations that have maintained their ability to bind desmin, which suggests that MTM1 has a direct, non-desmin-dependent role in mitochondrial dynamics/homeostasis in muscle. In Mtm1-KD cells, the accumulated mitochondria in the perinuclear compartment were less dynamic compared with mitochondria at the periphery of the cells or in the perinuclear regions of control cells. IF collapse or/and excess of PIs (e.g., PtdIns [3, 5] P 2 ) in the absence of MTM1 may render mitochondria less motile and compromised. In addition, we observed an increased association of desmin to mitochondria in Mtm1-KO compared with WT muscle. To describe the involvement of MTM1 and desmin in mitochondrial dynamics, 2 distinct -although complementary -mechanisms could be proposed. The first implicates IF-binding proteins, which are able to affect IF dynamics at the structural level. The second implicates plectin as a cytolinker between IFs and mitochondria. Indeed, plectin deficiency causes detachment of desmin IFs from the z-disc, costameres, mitochondria, and nuclei, promoting the formation of desmin aggregates. The potential interconnections between these 2 pathways should be investigated, in particular the functional link among plectins, myotubularin, and αB-crystallin and how they influence desmin filaments.
Several findings support a role for myotubularin in membrane trafficking through its role in PI metabolism (34, 35) . PtdIns3P and PtdIns(3,5)P 2 , the substrates of myotubularin, are primarily localized to the membrane of early and late endosomes, respectively, and studies have implicated myotubularin family members in endosomal trafficking events and membrane homeostasis (36, 37) . However, desmin did not affect in vitro or ex vivo MTM1 phosphatase activity, and MTM1 mutants that cannot bind desmin were as enzymatically active as the WT protein (Supplemental Figure 9) , which suggests that IFs do not interfere with or modulate MTM1 activity. However, it is possible that desmin plays a role in stabilizing MTM1 association to organelles. MTM1 might have 2 distinct roles. One is to regulate vesicle trafficking and maturation, but also positioning of organelles, such as mitochondria, through the tight regulation of the PI pool in the cell. A second role for MTM1 -likely PI independent -is the regulation of IFs ( Figure 9F ).
In normal skeletal muscle, MTM1 colocalized with desmin at the sarcolemma and also at the z-disc. However, in cardiac muscles, no interaction was evident by biochemical approaches, and weaker colocalization was observed for MTM1 and desmin. While desmin mutations have been associated with both cardiomyopathy and myopathy, cardiac involvement is not a common sign of adult XLCNM patients (38) . We also found no alteration in the histology of cardiac muscle in the Mtm1-KO mice. Together, these observations point to a specific role for the MTM1-desmin complex in skeletal muscle.
Mitochondrial aggregates have been observed both in Des-KO mice and in DRM biopsies (8, 39) . Mitochondrial abnormalities can be detected very early, before other structural defects become obvious. The observed alterations are frequently associated with swelling and degeneration of the mitochondrial matrix. In addition, transgenic mice carrying the Des L345P missense mutation are characterized by striking abnormalities in mitochondrial morphology and Ca 2+ handling (9) . Recent findings also demonstrate substantial deregulation of Ca 2+ handling and homeostasis in Mtm1-KO mouse and mtm1-KD zebrafish muscle, paralleled by the disruption of excitation-contraction coupling linked to T-tubule abnormalities (18, 20) . Combined with our findings of abnormal mitochondrial morphology and positioning in cells expressing MTM1 mutants and in Mtm1-KD cells, these observations lead us to postulate that deregulation of Ca 2+ handling in MTM1 deficiency is caused both by triad disorganization and by a mitochondrial homeostasis defect. As centralization of nuclei is a hallmark of centronuclear myopathy, and as an increased number of internal nuclei is also observed in DRM and Des-KO mice (24), we envisage a more general implication of the MTM1-IF complex in organelle positioning.
In summary, we present evidence that MTM1 regulates desmin IF assembly and mitochondrial positioning and dynamics in skeletal muscle cells. We propose that defective mitochondrial homeostasis is a common physiopathological feature of centronuclear myopathies and desmin-related myopathies.
Methods
Study approval. Care and manipulation of mice was performed in accordance with national and European legislations on animal experimentation and was approved by the Com'Eth (Ethical committee for animal experimentation, IGBMC, Strasbourg, France). Studies using human cells and tissues were authorized by the "Comité d'éthique des Facultés de Médecine, d'Odontologie et de Pharmacie de Strasbourg" (Strasbourg, France), and all study participants provided informed consent.
Y2H. Y2H screening was performed by Hybrigenics Inc. using aa 146-603 of human MTM1 as bait. A human adult/fetal skeletal muscle cDNA library (Hybrigenics Inc.) was used to screen for potential MTM1 interactors.
Antibodies. Antibodies against MTM1 used in this study were the 1G1 and R2347 antibodies (15, 22) and novel polyclonal antibodies against the human MTM1 C-terminus (SQMMPHVQTHF) and the mouse MTM1 C-terminal end (TSSSSQMVPHVQTHF). Monoclonal anti-titin, antimyotilin, and anti-plectin and polyclonal anti-dystrophin, anti-utrophin, anti-β-dystroglycan (β-DG), and anti-syncoilin antibodies were a gift from D. Mornet (INSERM ERI25, Montpellier, France). Commercial antibodies used in this study are detailed in Supplemental Methods.
GST pulldown and co-IP assays. MTM1 recombinant proteins were produced in the BL21-Rosetta 2 strain (Novagen); GST fusion proteins were purified and coupled to glutathione sepharose beads (see Supplemental Methods). COS-1 or SW13vim cells were transiently transfected with pcDNA3.1-desmin construct for 24 hours and homogenized in ice-cold lysis buffer (10 mM Tris-Cl, pH 7.6; 140 mM NaCl; 5 mM EDTA; 5 mM EGTA; 0.5% [v/v] Triton X-100; and 2 mM PMSF). Homogenates were incubated with GST fusion proteins coupled to beads, and interacting proteins were analyzed by Western blot. For co-IP experiments, fresh murine tibialis anterior muscles were dissected and homogenized with a dounce homogenizer in ice-cold co-IP buffer (50 mM Tris-Cl, pH 7.5; 100 mM NaCl; 5 mM EDTA; 5 mM EGTA; 1 mM DTT; 0.5% Triton X-100; and 2 mM PMSF) supplemented with 0.05% (w/v) SDS. For muscle microsomal fraction, pooled muscles were treated as described previously (40) . Lysates were precleared with 50 μl of G-sepharose beads (GE Healthcare) and subsequently incubated with antibodies of interest for 12-24 hours at 4°C. Protein G-sepharose beads (50 ml) were then added for 4 hours at 4°C to capture the immune complexes. Resulting immune-bound complexes were eluted in Laemmli buffer and submitted to SDS-PAGE and Western blot analysis.
Desmin purification, electron microscopy, and cosedimentation assay. Recombinant desmin was expressed and purified according to specifications of Herrmann et al. (41, 42) ; see Supplemental Methods for details. To visualize desmin filaments, recombinant proteins were solubilized at 0.4 mg/ml in solubilization buffer (5 mM Tris-HCl, pH 8.4; 1 mM EDTA; 0.1 mM EGTA; and 1 mM DTT), and assembly was initiated by addition of an equal volume of assembly buffer (45 mM Tris-HCl, pH 7.0; and 100 mM NaCl). Filaments were deposited onto a glow-discharged, carbon-coated copper electron microscopy grid (29) , stained with 2% uranyl acetate, and observed under a Philips CM120 transmission electron microscope equipped with a LaB6 filament and operating at 100 kV. MTM1 recombinant protein was added before desmin polymerization (equimolar mixture or with increasing MTM1 molarities), and desmin assembly was started by diluting the mixture in the assembly buffer. The effect of MTM1 on desmin assembly was also investigated by sedimentation, as described previously (43) .
Cell culture and immunofluorescence. Culture and transfection procedures of COS-1 and C2C12 are detailed in Supplemental Methods. Human and mouse primary myoblasts were generated from human biopsy explants (provided by O.M. Dorchies, University of Geneva, Geneva, Switzerland), as described previously (44) . Mitochondria were labeled with MitoTracker Red (CMXROS; Invitrogen) for 10 minutes. Samples were analyzed under a Leica DM microscope or a Leica SP2 MP confocal microscope.
